In the last decade, extracellular vesicles (EVs) have emerged as a key cell-free strategy for the treatment of a range of pathologies, including cancer, myocardial infarction and inflammatory diseases. Indeed, the field is rapidly transitioning from promising in vitro reports towards in vivo animal models and early clinical studies. These investigations exploit the high physicochemical stability and biocompatibility of EVs, as well as their innate capacity to communicate with cells over long distances via signal transduction and membrane fusion. This review will focus on methods in which EVs can be chemically or biologically modified to broaden, alter or enhance their therapeutic capability. We will examine two broad strategies, which have been used to introduce a wide range of nanoparticles, reporter systems, targeting peptides, pharmaceutics and functional RNA molecules. First, we will explore how EVs can be modified by manipulating their parent cells; either through genetic or metabolic engineering, or by introducing exogenous material that is subsequently incorporated into secreted EVs. Second, we consider how EVs can be directly functionalized using strategies such as hydrophobic insertion, covalent surface chemistry and membrane permeabilization. We will discuss the historical context of each specific technology, present prominent examples and evaluate the complexities, potential pitfalls and opportunities presented by different re-engineering strategies.
and are produced during shedding or budding of the cytoplasmic membrane. 4 Exosomes and microvesicles are produced by healthy cells as part of regular membrane turnover and exocytosis. In contrast, apoptotic bodies (c.f. 500-2000 nm) are generated from outward membrane blebbing in cells undergoing apoptosis.5 Apoptotic bodies, microvesicles and exosomes are each enclosed by a phospholipid membrane bilayer, comparable to the cytoplasmic membrane. The EV membrane contains ligand receptors, major histocompatibility complex molecules6 as well as vesicle-specific markers, such as Gproteins (Rab5, Rab7) and tetraspanins (CD9, CD63, CD81, CD82) that are characteristic of exosomes. 3 The EV lumen also contains many soluble proteins, including active enzymes. 7-9 In addition, EVs possess an array of oligonucleotides, specifically mitochondrial DNA, 10,11 messenger RNA (mRNA),12,13 microRNA (miRNA)12-15 and many other noncoding RNA sequences.16
EVs are secreted from all cell types and have been isolated from tissues and a wide range of bodily fluids, including plasma,17 breast milk,18 urine,19 saliva,20 synovial fluid,21 bile,22 amniotic fluid,23 semen,24 and ascites fluid.25 For many years, it was believed that they had a single function; the packaging and release of unwanted cellular material. 26 EVs have now been shown to play an integral role as intercellular communication vectors, interacting with recipient cells by various means. Firstly, EVs can bind to surface receptors and trigger signal cascades across the cytoplasmic membrane, a process that complements classical paracrine signaling of secreted soluble factors.27 Secondly, surface-bound EVs can be internalized, a process that can occur via clathrin-dependent endocytosis, caveolin-mediated uptake, lipid-raft mediated endocytosis, phagocytosis or macropinocytosis.28-32 Thirdly, EVs can fuse with the recipient cell, which allows delivery of material directly to the cytoplasmic membrane and the cytosol.29,33-37 The capacity to deliver large quantities of functional biomaterials to neighboring cells, something that cannot be achieved with simple soluble factors, is exploited by cells in the horizontal transfer of proteins 8,13,34-38 and genetic material.12,13,33,39 While EVs play an essential role in normal physiological processes, such as inflammation, homeostasis, coagulation and calcification,27 they are also heavily implicated in pathological processes, notably autoimmune diseases and cancer. [40] [41] [42] This has led to two burgeoning fields of research; the identification of pathological EVs as diagnostic biomarkers and therapeutic targets, and the administration of therapeutic EVs in the treatment of diseases. 5, 43 Exploiting Extracellular Vesicles for Applications in Nanomedicine EV-based therapy represents a logical progression from stem cell therapy, which was once heralded as the miracle cure for in vivo regeneration. Indeed, many of the beneficial effects once attributed to stem cell engraftment and differentiation are now believed to be mediated by paracrine factors packaged within EVs. 44 This realization sparked intensive investigation into whether the administration of EVs alone could offer comparable pharmacological benefits, or even present alternative therapeutic opportunities. 5 The results of this research effort have been outstanding; EVs have been shown to inhibit apoptosis and improve cell proliferation, 45 Figure 1 ).
Using EV-based therapeutics circumvents biological issues associated with cell-based strategies, such as stress-induced necrosis or aberrant differentiation.5 The small size of EVs, compared to whole cells, also offers therapeutic benefits, including reduced macrophage phagocytosis110 and vascular occlusion,5 easier injection and improved extravasation through tumor vasculature.110 Although small synthetic vectors (e.g. liposomes, nanoparticles) offer similar size benefits over cell-based systems,111 the biological structure and function of EVs afford a host of therapeutic advantages. For instance, EVs offer innate biocompatibility, high physicochemical stability,112 long-distance communication,113,114 and the inherent ability to interact with cells through signaling, fusion and delivery. 115 Certain studies have also demonstrated that EVs exhibit cellselective fusion116 and tissue-specific tropism,117 as well as an ability to transverse the blood-brain barrier118 and penetrate dense structural tissue. 85 On the other hand, liposome and nanoparticle systems offer a high degree of methodological flexibility, from the choice of reagents, preparation route and surface functionalization. This affords synthetic systems a toolkit of biomimetic components, such as grafted antibodies or targeting ligands, as well as non-biological units, such as contrast agents or photothermal materials.
The remainder of this review will explore how many of these synthetic strategies are now being applied to EVs, to complement or enhance their therapeutic applicability. Many of the approaches discussed for EV modification have already been used for cell functionalization, a far more established field. Cell modification is generally achieved either by hijacking biosynthesis to favour the production of specific endogenous material or by delivering exogenous species to the cytoplasmic membrane.119 Both approaches can be used to manipulate cells to secrete modified EVs, while the latter approach can also be used to directly functionalize purified EVs (Figure 2 ). This review will discuss the challenges and prospects in translating these cell-based technologies to EVs, as well as considering examples of EV modification strategies that could not be applied to living cells. These studies are limited in number (<100 at the time of writing), of which most are proof-ofconcept reports. As a result, this field offers the exciting opportunity to investigate new functionalization technologies and advance towards highly-effective therapeutic applications. Here we will highlight these gaps and suggest future opportunities in the reengineering of EVs for cell-free therapy.
Engineering Extracellular Vesicles via Cell Modification
For several decades, researchers have introduced non-native materials to cells to augment therapeutic function.120,121 It is highly likely that many of these species will have unwittingly ended up within EVs. For instance, materials delivered to the membrane will naturally be incorporated into microvesicles while internalized material may be secreted in exosomes. Taking advantage of these scenarios allows cellular processes and cell engineering techniques to be specifically adapted to EV functionalization. In this section, we will discuss how techniques such as genetic engineering, metabolic labeling and exogenous delivery, can be exploited for the modification of EVs (Figure 3A-D) .
Genetic Manipulation of Cells for EV Modification
Undoubtedly the most well-established of all cell manipulation strategies, it was inevitable that genetic engineering would be used to modify EVs for therapeutic applications. mRNA introduced to a cell may be packaged into EVs, which can then fuse with a target cell to induce transgene protein expression. Some extremely interesting insights into EV delivery were made by Kanada et al., who used differential centrifugation to isolate separate populations of exosomes and microvesicles from HEK293FT cells that were transiently transfected with either plasmid DNA or mRNA. 134 Reporter protein expression in recipient HEK293FT or 4T1 cells was observed after microvesicle delivery of plasmid DNA, but not mRNA, while exosomes were incapable of transferring any functional oligonucleotides. There may be several interesting mechanisms underpinning these observed differences. First, the authors show that EV-delivered mRNA can undergo rapid degradation in the lysosome of recipient cells, a process that prevents translation and functional protein expression. Second, the loading of oligonucleotides into EVs was shown to be much higher for microvesicles, compared to exosomes, with the latter showing undetectable levels of encapsulated plasmid DNA. This may be partially explained by recent work from Skog et al., who showed that different oligonucleotide sequences are packaged into EVs with varying efficiency.13 Intriguingly, this difference is thought to be due to certain RNA molecules possessing "zip code" sequences that lead to selective enrichment within EVs.135,136 Considering these factors, it would be great to see how different sequences would affect the outcome of the work by Kanada and co-workers.
Indeed, if the studies by Skog et al. and Kanada et al. are shown to have universal applicability across different cells, transfection systems and isolation protocols, then they will prove extremely valuable guides in defining the parameters and design criteria for genetic modification of EVs.
The examples above all use oligonucleotides to induce or regulate gene expression in a target cell. An alternative approach is to induce transgene expression in the parent cell, and use the protein product that is incorporated into EVs. A sensible approach will encode for genetic fusions of proteins that are enriched in EVs to ensure optimum localization of the expressed product. This approach requires careful design and a solid understanding of the molecular biology of vesicle proteins. Tetraspanins, for instance, have a complex tertiary structure with four transmembrane domains, three intra-vesicle segments and a pair of extravesicle loops. 137 A key challenge of vesicle engineering is to advance beyond simple receptor systems and towards modifications that can enhance the therapeutic function of EVs. For example, Alvarez-Erviti et al. used the RVG peptide to target exosomes to neurons, oligodendrocytes and microglia in an in vivo mouse model. 93 In this work, RVG was fused with lysosomeassociated membrane glycoprotein 2b (Lamp-2b), which has also been used as a base for integrin-binding99 or cell penetrating peptide tags.142 However, concerns have been raised over the long term stability of Lamp-2b hybrids.143 This has led to suggestions of more stable Lamp-2b alternatives, such as glycosylphosphatidylinositol (GPI), which was proposed by Kooijimans et al. 144 Here, cancer cells expressing high levels of epidermal growth factor (EGF) were targeted by EVs expressing GPI-anchored, anti-EGF receptor nanobodies. In a similar report, Ohno et al. generated a HEK cell line that stably expressed the transmembrane receptor of platelet-derived growth factor (PDGF) fused with an EGFbinding peptide, and used the secreted EVs in targeted tumor therapy.97 The C1C2 domain of lactadherin is another commonly used base for fusion protein display, which has been used to generate antibodies against tumor biomarkers,145 and to increase the immunogenicity of cells to tumor-associated antigens.146,147 Finally, a fascinating approach was introduced by Maguire et al., in which adeno-associated viruses introduced to a parent cell were incorporated into daughter EVs, termed vexosomes. 148 The encapsulated capsids were used to deliver genetic material to target cells, with higher transfection efficiency than observed for naked viruses. Overall, despite some concerns over how transfection agents may affect gene expression in the donor cells,149 genetic manipulation represents a highly accessible strategy for the presentation of functional oligonucleotides, non-native proteins and virus particles within EVs.
Metabolic Labeling of Cells for EV Modification
Metabolic labeling is a well-established cell functionalization strategy that circumvents many of the issues of genetic manipulation. This approach involves hijacking cellular biosynthesis by supplementing cell culture medium with non-native metabolites, such as amino acids, lipids, oligonucleotides or glycans. These metabolites are taken up by cells and integrate into the proteome, lipidome, genome and glycome, respectively. While cell functionalization strategies often target substitutions on the cytoplasmic membrane,150-152 metabolic labeling is an indiscriminate technique that modifies biomolecules throughout the entirety of the cell. Therefore, both exosomes and microvesicles would be expected to contain metabolically-labelled sites, for instance, on endosomal proteins or cytoplasmic membrane lipids. Metabolic labeling was recently explored by Wang et al., who used the non-native amino acid L-azidohomoalanine as a methionine substitute to incorporate azide groups into the proteome of melanoma cell EVs. 153 In the same study, a synthetic sugar precursor tetraacetylated N-azidoacetyl-D-mannosamine was used to generate EVs presenting azide-modified sialic acid.153
The study by Wang et al. is a rare example of metabolic EV labeling. In contrast, metabolic cell labeling has been used extensively to endow cells with rare or unnatural functional groups, such as azides, alkynes, thiols, methacryloyls and ketones. These moieties are reactive and can be modified at the cell surface with little or no side reactions using bioorthogonal chemistry. 154 This approach has been used to modify cells for drug conjugation, 155 selective killing of cells,154 surface-induced gelation156 and artificial adhesion to 2D substrates151 or 3D scaffolds.152 To date, bio-orthogonal chemistry has only been used in proof-of-principle experiments to introduce simple proteins and fluorophores to azidemodified EVs. 153 In practice, the principles of bio-orthogonal chemistry should be readily transferred from cells to EVs. Indeed, performing this secondary labeling step upon purified EVs, rather than on live cells that are more sensitive to their chemical environment, should allow the range of reagents and reaction conditions to be significantly expanded (this is discussed further below in the "Direct Modification of Extracellular Vesicles").
Loading EVs using Cellular Uptake of Exogenous Material
Genetic modification and metabolic labeling strategies hijack cellular biosynthesis to generate in situ products that are incorporated into EVs. An alternative approach is to introduce exogenous material to the cell, which can subsequently be packaged into EVs. The EV loading is typically dependent on the amount of material delivered to the cell, which is in turn governed by the strength of the material-cell interaction. For instance, a nanoparticle with little or no cell binding capability will rely upon weak, non-specific interactions with the cytoplasmic membrane. In this situation, high nanoparticle concentrations and prolonged incubation times are needed to maximize the number of binding events and generate sufficient cell loading.121 For instance, Neubert & Glumm required a 24 hour incubation with 0.5 mM superparamagnetic iron oxide nanoparticles (SPIONs) to generate loaded EVs from primary neuronal cell cultures.157 This situation can be partially avoided by using macrophages, which actively engulf and internalize large amounts of exogenous material through phagocytosis. To this end, Silva et al. used macrophages incubated with iron oxide nanoparticles and small molecule photosensitizers to generate magnetically and optically responsive EVs.96,158 These EVs, termed theranosomes, offer potential for in vivo magnetic targeting, magnetic resonance imaging and photodynamic therapy. However, a key limitation of this approach is that it relies upon phagocytosis as an uptake mechanism. As a result, it will be challenging to achieve comparable loadings with other, non-phagocytic cells.
One
membrane fusogenic liposomes to deliver hydrophobic payloads to the cytoplasmic membrane and hydrophilic species to the cytosol.162 Direct delivery to the cytosol is highly desirable as it circumvents endosomal entrapment and lysosomal degradation, which increases the amount of material available for packaging into EVs. Interestingly, the authors observed that the amount of lipid delivered to the cell was not proportional to the amount of lipid incorporated into the EVs. This apparent lack of control over the degree of EV packaging represents a key limitation of this technique. A further limitation with liposomebased strategies is the inefficiencies in loading, which is a particular issue with large or bulky payloads.163
Direct Modification of Extracellular Vesicles
Cell-based EV functionalization strategies typically package only a small fraction of total modified content into the secretome. Such inefficient incorporation offers an extremely poor return on reagents and costs. In contrast, direct functionalization of purified EVs ensures that all modified sites or encapsulated species are localized at the vesicle. Here, we will discuss several different approaches for modifying the EV surface with membrane-binding species, as well as active and passive methods for encapsulating material into the vesicle interior ( Figure 3E-G) .
Covalent Modification of the EV Membrane
EVs have one major advantage over cells when it comes to surface modification; they are non-living entities. As such, it is possible to use reagents and reaction conditions that could not be used for live cell functionalization. Nevertheless, there are still constraints to be considered. For instance, excessive temperatures, pressures or solvent exposure can cause membrane disruption and surface protein denaturation, while introducing low or high salt concentrations will lead to osmotic stress. Moreover, many of these reaction conditions, as well as certain chemical modifications, can induce vesicle aggregation. Accordingly, common bioconjugation and "click chemistry" reactions that rapidly form chemical bonds under ambient conditions have become natural candidates for covalent EV modification. This approach was used by Smyth et al., who performed sequential chemical reactions at the EV surface.164 First, carbodiimide coupling was used to graft the alkyne-containing 4-pentynoic acid onto EV membrane amines. Introducing a reactive alkyne base allowed a second, click chemistry reaction with an azide-tagged fluorophore. Amines are a reactive functional group naturally expressed on biological membranes, and therefore represent a reasonably straightforward target. However, it is possible that such bioconjugation strategies could impair function by altering or obscuring the active site of modified surface proteins. To circumvent this issue, covalent reactions could be performed upon EVs previously modified to express additional or bio-orthogonal moieties, either through transfection or metabolic labeling (opportunities for this were discussed above in "Engineering Extracellular Vesicles via Cell Modification"). As a proof-of-principle, however, this example aptly demonstrates that common chemical reactions can be applied to EV surface modification, without any observed effects on vesicle structure or cell fusion.
Non-Covalent Modification of the EV Membrane
The stability of the surface modifications are highly dependent on the strength of the bond that links the exogenous species to the EV. Covalent bonds typically have bond energies in the region of 200-900 kJ mol -1 ,165 which is much greater than the values for non-covalent interactions (c.f. 2-13 kJ mol -1 ).166 Accordingly, covalently-bound species are less prone to dissociation by chemical displacement or changes in ionic strength, temperature or solvent. There are, however, three non-covalent strategies that are commonly used to provide stable modification of biological membranes; multivalent electrostatic interactions, receptor-ligand binding and hydrophobic insertion. Multivalent electrostatic approaches rely on the cumulative action of multiple charge interactions, which typically involves a highly cationic species adhering to negatively-charged functional groups present on biological membranes. 121 For instance, Nakase and Futaki used electrostatic interactions to bind cationic lipids to the surface of exosomes. 167 In turn, this produced EVs with a positively-charged surface potential that enhanced binding and uptake into recipient cells. However, there are concerns that certain cationic nanomaterials can cause cytotoxicity through membrane thinning and hole formation.168 Perhaps a more pertinent issue is that cationic nanomaterials are typically taken up into the cell via endocytosis, leading to lysosomal degradation and poor EV loading.162 This may be less of an issue for the modification of microvesicles, which bud directly from the labelled cytoplasmic membrane, but would limit exosome modification to degradation-resistant materials.
The second non-covalent strategy involves receptor-ligand binding. A notable example was reported by Qi et al., who used transferrin-conjugated superparamagnetic nanoparticle clusters that effectively bound to the surface of exosomes isolated from blood.169 This approach targeted transferrin receptors already present on the EV membrane, however, an alternative strategy is to target non-native binding groups introduced through transgene expression. This strategy was employed by Maguire et al. in the streptavidin-mediated binding of biotinylated magnetic nanoparticles to transgenic biotin-acceptor peptides on the surface of EVs. 148 The major downside to this approach is the synthetic challenge and cost of presenting functional ligands (e.g. transferrin, biotin) on the exogenous material, rather than simple chemical species (e.g. azides, alkynes). If this can be achieved, receptor binding strategies offer an effective, bio-inspired approach that can be readily transferred from cell modification to EV functionalization. Indeed, the specificity of this approach may offer some interesting in vivo opportunities, particularly if the receptor is enriched on the EV surface. For instance, targeting EV surface receptors could be used as a strategy to bind and eliminate vesicles implicated in pathological processes, such as cancer metastasis.
In contrast, it can often be more challenging to adapt hydrophobic insertion strategies from cells to EVs. The high level of cholesterol, sphingomyelin and ganglioside in the membrane of EVs creates a more rigid bilayer structure than observed in the parent cells.170 This prevents the facile fusion of lipid-based particles, such as liposomes or micelles. For example, while cells will take up micellar structures under ambient conditions, EVs require aggressive freeze-thaw (T = -196°C) or high temperature (T = 40°C) cycling to disrupt the vesicular membrane and promote fusion.171,172 Hydrophobic interactions are, however, highly effective at driving the spontaneous integration of small lipophilic species into the EV membrane. This can be achieved using a simple co-incubation under ambient conditions (25-37°C), with loading efficiencies that positively correlate with the hydrophobicity of the exogenous species.173 This approach is used in most commercial EV membrane stains, including the commonly-used dyes BODIPY TR ceramide,174 DiI,175 and PKH-67.176 Furthermore, hydrophobic sequestration is used to load EVs with small lipophilic drugs, such as anti-inflammatory curcumin,89,90 common porphyrin photosensitizers,173 and chemotherapeutic agents curcubitacin,89 doxorubicin,177,178 paclitaxel178 and methotrexate.94
Active Loading of EVs
Passive loading strategies that rely on spontaneous interactions are often limited by poor loading efficiency. In an effort to address this, membrane permeabilization strategies have been adapted from the fields of bacterial transformation and liposome modification, and repurposed for the active loading of EVs. For example, electroporation is commonly used to transiently permeabilize the EV membrane to enhance the uptake of siRNA,92,93,142,179 small molecule drugs 99,173 and SPIONs.180 Membrane stabilizers can be employed to improve colloidal stability of the vesicles,180 while care should be taken not to mistake precipitation and micellar aggregation for loaded EVs.149 For instance, Fuhrmann et al.
diligently monitored precipitation levels while quantitatively comparing active EV loading methods of different porphyrins. 173 Interestingly, this study showed that while electroporation can increase the loading efficiency of certain porphyrins, an even higher degree of internalization can be achieved using saponin treatment and hypotonic dialysis ( Figure 4A ). Saponin permeabilizes biological membranes by complexing with cholesterol,181 while hypotonic dialysis, commonly used to load erythrocyte "ghost" cells, uses osmotic pressure to enhance drug internalization efficiency.182 Such strategies are inherently more disruptive than passive approaches, and thus careful handling and characterization should be employed to ensure the integrity and functionality of the EV is retained, post modification.
Future Directions in Extracellular Vesicle Modification
The emergence of EVs as influential mediators of physiology and pathology has opened up exciting opportunities in nanomedicine.5 Modification strategies offer the tantalizing prospect of extending the therapeutic capability of EVs beyond their native function. Horizontal gene transfer, for instance, is an inherent function of EVs, but by genetic manipulation or direct loading we can now introduce non-native oligonucleotides that can alter the gene expression of target cells. When selecting a modification strategy, it is essential to understand the complexity of the system, in terms of the cargo, final application and other associated factors. For instance, can the cargo be conjugated without disruption of function? May the cargo be generated from within the cell, or must it be delivered directly to the EV? Does the final application require presentation of material on the outermost surface of the EV, or would encapsulation provide a more protective environment? Each application will pose different biological questions, which will in turn define the technical parameters of the modification strategy. Adopting a bespoke approach to EV modification offers the greatest chance of success, but also present major challenges to researchers in the field.
For instance, it is important to understand the biology of EVs and the physical basis of any interactions, particularly when translating a cell modification technique to vesicles. EVs are significantly smaller than cells, which provides a greater degree of membrane curvature, but they also possess a different lipid composition that creates a more rigid membrane.170 As non-living entities, harsher modification conditions can be employed for EVs compared to cells, while the lack of membrane turnover will benefit applications that require persistent membrane labeling. Clearly EVs do not possess full biosynthetic machinery, but they do possess functional enzymes that could be used, for example, in the post-translational modification of packaged proteins or the activation of encapsulated pro-drugs. Another major consideration is exactly how such modifications affect the structure and function of EVs. For example, direct binding or steric obstruction can impair the function of proteins and carbohydrates on the vesicle membrane, an altered surface charge potential can create colloidal instability, while the introduction of foreign species can generate unwanted immunogenicity. Modification may also change the membrane rigidity; this is likely to be a subtle effect, but one that could potentially modify the cell-binding capacity of the EV. 170 To this end, many reports present cell uptake studies alone as evidence of EV function, neglecting to study how membrane modification can differentially disrupt different vesiclecell interactions.28 For example, modified EVs may still be internalized via non-specific endocytosis, but if their surface ligands are inactivated, then they will be unable to trigger signal cascades. Similarly, if their ability to fuse with a recipient cells is impaired, then the fate of any delivered cargo will be significantly altered. These considerations are critical for therapeutic application and demand that, as a field in general, we place more thorough emphasis into characterizing and defining EV function.
RNA and drug encapsulation, along with fluorescent and magnetic labeling, represent the bulk of research on EV modification (Figure 4B-E) . The reasons for this are twofold; the approaches often borrow from well-established cell manipulation technologies, and the materials used (oligonucleotides, small molecules and nanoparticles) exhibit function that are less dependent upon hierarchical structure. It is far more challenging, for instance, to immobilize proteins onto an EV membrane while retaining the tertiary structure required for active function. The EV field would benefit tremendously from technologies that allow the presentation of more complex structures capable of bestowing functions such as signaling, catalysis and adhesion. Progress in this area is being made; delivery of EVs to the brain with neuron-specific peptides by Alvarez-Erviti et al. 93 is one of several emerging targeting therapies. Moreover, Yim et al. recently reported the optogenetic control of EVs using a reversible protein-protein interaction module, which allowed the controllable loading and release of cargo through exposure to blue light.183 These developments stand out among the plethora of proof-of-concept, in vitro studies into EVs modified with fluorescent reporters. While visualization is undoubtedly useful, particularly in vivo, the ability to augment EVs with targeting or stimuli-responsive capabilities affords control over a complex biological system. We believe that maintaining progress in these areas will truly advance the field and develop EVs from promising biological candidates into smart nanoscale therapeutics. Exosomes: A major class of extracellular vesicles of endocytic origin that are released from multivesicular bodies, with a diameter of 30-100 nm.
Microvesicles: A major class of extracellular vesicles formed from the outward budding or shedding of the cytoplasmic membrane, with a diameter of 100-1000 nm.
Genetic Manipulation: The introduction of foreign nucleic acids into cells, usually used to bring about protein translation or regulate gene expression.
Metabolic Labeling:
The hijacking of cellular biosynthetic machinery to introduce exogenous biomolecules that become incorporated into, for instance, the proteome, glycome or lipidome.
Bio-Orthogonal Chemistry: Chemical reactions that can occur within biological systems, without interfering with existing physiological processes.
Active Loading: The sequestration of material into a system using energetic input, for instance, heat. (a) Genetic engineering can be used to introduce coding and non-coding oligonucleotides into cells. There it can be packaged into EVs to promote gene expression or regulate transcription in recipient cells. Alternatively, transgenic proteins can be incorporated into EVs, for instance, as fluorescent reporters or targeting moieties. (b) Metabolic labeling, in which metabolite analogues are incorporated into cell biosynthesis, has been widely used to introduce non-native moieties into cells. This approach can be used to introduce functional groups, such as azides, to EVs, which allows subsequent bio-orthogonal reactions to be performed. (c) Exogenous material may be introduced to EVs via liposomes or micelles that fuse with cytoplasmic membranes. (d) Alternatively, the process of packaging endocytosed material into EVs as part of normal membrane turnover and exocytosis can be hijacked to introduce exogenous species to EVs. (e) A direct EV modification strategy is to permeabilize the vesicle membrane to allow the active loading of molecules into the EV interior, an approach that has been exploited for drug delivery. (f) A similar approach uses lipophilic or amphiphilic molecules that can insert into the EV membrane via hydrophobic interactions with the phospholipid bilayer. (g) Chemical reactions may also be performed directly on the vesicle membrane, for instance, carbodiimides can be used to modify native amines in order to present azide groups for click chemistry reactions. EVs to be traced after systemic administration into a mouse model using chemiluminescent imaging, an analysis that revealed rapid clearance from the blood circulation. 140 Reproduced with kind permission from Elsevier. (e) Qi et al. used superparamagnetic nanoparticles functionalized with transferrin, which allowed them to bind to receptors present on the surface of blood-derived EVs. These responsive EVs were used in combination with an external magnetic field (MF) to enhance delivery to a tumor site, as shown in this ex vivo near infrared fluorescence image.169
